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FOREWORD

The work described in this report was accomplished in the Electro-

. chemistry group, Materials Sciences Laboratory, Lockheed Missiles

& Space Company, Palo Alto, California, for the Vehicle Power

Branch, Air Force Aero Propulsion Laboratory, Research and Technology
Division, United States Air Force, Wright-Patterson Air Force Base,
Ohio, on Contract No. AF 33(657)-11709, Task 817304-20. Mr.

W. S. Bishop of the AF Aero Propulsion Laboratory is project engineer
for the project. This report is being published and distributed
prior to Air Force review. The publication of this report, there-
fore, does not constitute approval by the Air Force of the findings
or conclusions contained herein. It is published for the exchange
and stimulation of ideas.
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INTRODUCTION

Tris experimental investigation on high-energy battery development
has the objective of development of a cell capable of meeting a
specific space flight application. Cells with lithium anodes and
cupric fluoride or cobalt fluoride cathodes are to be investigated
on this program. 8ignificant goals are a battery discharging
between 22 and 30 volts vithin a temperature range of 30 to 100°P
and delivering 300 watt hour/pound. The steady discharge rate

is l4.4 amperes vith an additional 12 ampere load imposed for 10
minutes every 90 minutes. A recharge and additional discharge is
required from the battery.

Presently available primary batteries will deliver about 100 watt
hour/pound during discharges suitable for space applications. This
ig about 50 percent of the theoretical energy available from this
system (AgO-2n). The theoretical energy of the Li-CuFp couple is
T46 watt hour/pound and of the LiCoP, couple 970 watt hour/pound.
Achlevement of the ultimate goals of this project would triple the
useful flight time of space vehicle using a primary battery powver
system, or allov the equivalent increase in instrument load weight.

The electrolyte, anode and cathode for this system have been
investigated and cells have been designed, built, ani tested on
the basis of experimental data.

SUMMARY

Solutions of sodium hexafluorophosphate (NaPF.) in propylene
carbonate or butyrolactone have conductivities { 6 x 10-3 ohm-1
em-1 and 13 x 10-3 ohm-1l cml) sufficiently high to make them
useful in cells. Stainless steels and aluminum resist corrosion
in these solutions and may be used as materials of construction.
Polyolefin and polyester non-woven fabrics are stable and may be
used as separators.

Lithium anodes in propylene carbonate - NaPFg show polarization
increases of less than 200 millivolts during a 100 hour discharge
at 10 m/in2 and utilization of over 85 percent of active material.
Cupric fluoride electrodes may be discharged at 1 ma/ in and utili-
zation of 30 percent obtained with approximately 1.5 volts polari-
zation.

Electrode test results were used to design, com truct and test
cells with lithium anodes and cupric fluoride cathodes. A cell
in this group completed 33 90-minute cycles (45 hours) to a 2.0
volt endpoint during the pulse discharge. This was equivalent
to 13.5 percent utilization of CuFp. This cell delivered, to
the 2.0 volt endpoint, 10 watt hour/pound of actual electrode
and electrolyte used in the tesat.




} , 3.0 EKXPERIMENTAL WORK ARD DISCUSSION

i
‘ ( 3.1 Electrolyte Studies
3.1.1 Properties of Propylene Carbonate and Butyrolactone
Solutions

8olubility and conductivity measurements vere made of
lithium tetrafluoroborate (LiBEF,) and lithium hexafluoro-
phosphate LiPFg dissolved in butyrolactone, propylene
carbonate, and nitromethane. A summary of conductivities
of saturated solutions of these salts with NaPFg as a
comparison iz given in Table 1.

TABLE 1

Conductivities of Saturated Salt Solutions in Butyrolactone,
Propylene Carbonate, and Nitromethane at 24°C

Concentration Specific Conductivity
Salt Solvent Moles/Liter Ohm-1 cm-1
LiBF), Butyrolactone 0.25 3.40 x 10-3
0 LiPFg Butyrolactone 0.22 L.07 x 10-3
NaPFg Butyrolactone 1.14 13.40 x 10-3
L1iEF), Propylene Carbonate 0.b42 2.5k x 10-3
LiPFg Propylene Carbonate 0.55 L.49 x 10-3
NaPFg Propylene Carbonate 0.79 6.03 x 10-3
LiBF), Nitt_'onethane 0.11 0.23 x 10-3
LiFFg Nitromethane 0.23 6.78 x 10-3

Nitromethane has been eliminated as an electrolyte solvent
because of instability. The lithium salts offer no advan-
tages over NaFFg in propylene carbonate and butyrolactone
and no further experimentation is intended with the lithium
salts.




: 3.1.2
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Properties of Propylens Carbomate - Sodium Hexafluoro-
phosphate Solutions

The conductivity of ms-propylm carbonate solutions
vith varying concentration of NaPFg vas experimentally
determined. A maximum conductivity is obtained at less
than saturation for AlCl3-LiCl-propylens carbonate and

it wvas possible that lu.l’;s solutions would behave simi-
larly. Pigure 1, vhich plots the results of these tests,
shovs maximum conductivity is obtained at maximum salt
concentration. Bvidently, the solubility of the NaPFy is
80 lov that the viscosity of such solutions 1s not great
enough to affect conductivity adversely.

The effect of temperature upon conductivity of NaPFg-
propylene carbonate solutions is shown for two NaPFPg
concentrations in Figure 2. A linear temperature-con-
ductivity relationship exists over the range 0 - 65°C;
an increased slope is observed for the more concentrated
solution.

The resistance of materials of construction to attack

by a propylene carbonate - NaPFg solution was determined
by storing samples of the material in the electrolyte at
165°F and measuring the weight change. There vas darken-
ing of the electrolyte in all cases after 12 days storage
and the glass storage bottle was attacked. The darkening
is probably associated with decomposition of propylene
carbonate, but the products and effect on cell operation
have not been determined. Table II summarizes the results
of this test after 12 days and after 22 days of storage.
Stainless steel and aluminum appear suitable for use in
contact with propylene carbonate - NaPFg electrolyte while
the use of nickel, copper, and silver are marginal.

Properties of Butyrolactone - Sodium Hexafluorophosphate
Solutions

The effect of concentration of NaPFg§ in butyrolactone on
the conductivity of these solutions is shown in Figure 3.
As vwith propylene carbonats-NaPFg solutions, no maximum
is observed, but the slope is quite low at maximum concen-
tration. The conductivity of the saturated butyrolactone
solution is almost twice that of the propylene carbonate
solution.

The effect of temperature on conductivity of butyrolactone

NaPF¢ solutions is shown in Figure 4. The relationship is

linear between O and 55°C with a steeper slope for the more
concentrated solutions.
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3.2

The stability of materials of comstruction in butyro-
lactone-NaPPg electrolyte at 165°F was determined in
the same manner as for propylene carbonste solutions
and is sumarised in Table III. Except for the solution
containing the soft solder sample vhich became a dark
brown, all solutions vere quite dark and the glass
bottle was attacked.

8olution containing no metal was also barkened vhen
stored in glass or polyethylene. Degradation of the
solvent wvas quite severe and in some cases resulted in
gelling, probably becuase of silicate dissolution. The
effect of the solvent degradation on cell performance
has not been determined but alternate electrolytes should
be more thoroughly investigated. The corrosive effects
‘of the butyrolactone solutions appesr greater than the
propylene carbonate solutions although stainless steels
are quite inert and aluminum resists attack sufficiently
to be useful.

Lithium Polarization Tests

Test cells were assembled with two lithium electrodes and the
cells driven by a constant current power supply, making one
el ectrode anodic and one cathodic. The result of tests with
NaPFg-propylene carbonate electrolyte at 10 ma/in2 are shown
in Figure 5. The electrodes had sufficient lithium for
approximately 120 hours of discharge at this rate. Approxi-
mately 90 percent utilization was achieved with polarization
levels below 200 millivolts. The polarization on the graph
is the increase in polarization from the initial closed
circuit reading. The change between anode and reference at
open circuit conditions and initial reading contains both
the activation polarization of the electrode and the IR drop
caused by solution resistance betveen anode and the reference
electrode and thege values were not determined.

Similar polarization tests were made but with nitromethane-
Alcg-mm electrolyte. The open cells were discharged in an
inert atmosphere glove box and there was some loss of solvent
which wvas replaced as needed to maintain electrolyte level.
Figure 6 shows the change in potential with time. The end of
the discharge vhere polarization increased rapidly was obtained
from a recorder tape that measured cell voltage only. The
lithium present on the electrodes as weighed was sufficient
for 140 hours of discharge at the 10 ma/ in? rate. The dis-
crepancy with that actually obtained is probably the result
of inaccuracies in veighing in the glove box.
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3.3
3.3.1

Periodically during the discharge of these cells, the load
vas increased in steps to obtain polarisation at higher
discharge levels and then decreased in similar steps .
Polarisation curves obtained after 4, 49, and 100 hours of
discharge are shown on Fgure 7. The decrase in polarization
between 49 and 100 hours of discharge occurred with both
cells and is shown by the points on FPigure 6. These dats
indicate that polarization of less than 200 millivolts is
obtained with short-time higher current rates during a
significant part of the discharge. ‘

The driven cell tests require a reversible cathode to prevent
electrolyte degradation. With the NaPFg-propylene carbonate
electrolyte, cathode polarization started at 1.0 volt and
increased to over 5.0 volts at the end of the test. A
similar cathode polarization was over 10.0 volts after 24
hours and the test was discontinued.

The deposition of lithium or sodium from the solution as the
cathodic reaction evidently is not readily accomplished and
potentials are reached which result in solvent decomposition.

From the results obtained with nitromethane and propylene
carbonate electrolytes, it appears that the polarization for
the anodic reaction

Lt =P Li* +e

at current densities of 10 m/in2 or less will not seriously
affect cell operation. Utilization of 85-95 percent of
active material may be expected at these current densities.
Tests with butyrolactone electrolyte at current densities of
1 ma/in? agree with these conclusions. The lithium electrode
appears sufficiently developed at this point that additional
effort may be more fruitfully applied to cathode development.

Cathodic Polarization Tests

Polarization of Cupric Fluoride Electrodes

Copper flucride is a poor electronic conductor; con-
sequently, the utilization characteristics of a thick
massive copper fluoride cathode in a cell would be

Qquite poor. Generally, cathodic materials used in
electrochemical cells are finely powdered to increase

the surface area and mixed with an electronic conductor
to increase the points at which electrons can be

supplied for the cathodic reaction. Another consideration




in making the electrode is the mechanical strength
that vill maintain the shape of the electrode and
O the contact between reaction sites and current

carrying grid.

! Cathodes for this contract have been fadbricated by

* cold pressing of dry powder, by pasting the cathode
mixture vith added colloidal graphite suspended in
mineral spirits as a binder, and by pasting a cathode
mixture containing finely powdered thermoplastic resin,
drying, and pressing above the flow point of the resin.
All mixes other than 100 percent CuF2 vwere ball milled
for 16 hours. In some cases, CuF, as received was sieved
through 100 mesh screen. Pasted electrodes vwere vacuum
dried at 850-100°C for four hours. Pressed electrodes
vere placéd in a steel die in &n inert atmosphere, the
assembly sealed in aluminum foil and removed from the
inert atmosphere. Pressure was applied in a hydraulic
press. Uniform distribution of dry material was diffi-
cult, and this resulted in non-uniform pressure distri-
bution in the pressing operation, particularly with
thin electrodes, although some spots that maintained
good adhesion and cohesion during discharge were found
on these electrodes.

Cathodes were assembled with an anode of sheet lithium
rolled on a silver expanded metal grid and a lithium

O reference electrode centrally situated between the
electrodes. Glass fiber paper was used to separate the
electrodes in the solution. Propylene carbonate - NaPFg
electrolyte was used for all tests unless indicated
othervige,

r A summary of polarization tests of CuFp cathodes is shown
in Table II. The first four runs were made with heavy
electrodes which cracked badly during handling and
assembly. Microscopie examination of the 100 percent
CuFp electrodes showed crystals of copper which indicated
complete reduction of CuF, to copper during discharge.

Pasted electrodes performed somewhat better than the cold
pressed electrodes. Disasgembly of these test cells

showed the cathode mix to be swollen and loosened from the
grid. Electrodes with best adhesion (§29 vs #28) developed
best polarization for equivalent time. Resin bonded elec-
trodes were made to improve adhesion. These electrodes

4id not swell as did the pasted electrodes but adhesion to
the grid was poor and cathode mix could be flaked from the




3.3.2

3.4

3.5

grid. The 1.5 percent polyethylene bonded cathodes
had too high a resistance to sustain discharge but the
results obtained from the 0.4 percent and the 0.75 per-
cent resin content cathodes were favorahle. Cathodes
vith O.4 percemt polyethylene binder vere selected for
cell tests with profile discharge.

Polarization of Cobaltic Fluoride Electrodes
M

A summary of CoF, electrodes tested is shown on Table V.
These electrodes vere pasted with graphite in mineral
spirits as binder by the same technique as the CuPp
electrodes and suffered similarly from poor adhesion and
cohesion. These electrodes did not recover their open
circuit voltage to the same extent the CuFo electrodes
did vhen current was interrupted for extended times during
discharge.

SeErator Stabilitx in Electro&ﬂe

Various separators materials that had been found useful in
nonaqueous electrolyte at room temperature were tested for
stability at 165°F. These materials were selected from those
that could be dried free of water and could be obtained in this
and porous forms. Table VI which sumnarizes the tests indicates
that polyester (DACRON) and polyolefin non-woven fabrics withe
stand exposure to the electrolyte and should be useful as
separators in cells with porpylene carbonate as butyrolactone
based electrolytes.

Cell Tests

Based on previous work, two cells were designed and built for

a profile discharge test. The current profile of the discharge
vas 80 minutes at 14.9 amperes followed by ten minutes at 26.9
amperes with the cycle continuously repeated. Lower currents
vere used for the discharge but in the same relative proportion.
The cells were assembled in 8plit polypropylene cases and had
the following construction.

Anodes: b, Lithium rolled on expanded silver sheet with
final thickness of .020

Cathodes: 3, 60% CuFp, 39.6% graphite, 0.4% powdered 325 mesh
polyethylene. Powder ball milled 16 houts and then
pasted with 1% acrylic in xylol on expanded copper
sheet. Pressed at ST/in2 at 300°F. 6.6 g cathode
powder/electrode. Discharge current density 0.7 ma/sq

in steady.




Beparator: 1 thickness non woven polyester (DACRON) Fabric

Electrolyte: .65 m/e NaP¥g in Butyrolactone 32 cc in #51; 15 cc
in §#50 vhich had plastic spacer blacks added to
£ill the cavity.

Typical discharge cycles for Cell §#51 are shown on Figure 8.
Cell 51 had 33 cycles (45 hours) to a voltage endpoint of 2.0
volts during the high current pulse and Cell $#50, 23 cycles
(3k.5 hour:g. Approximately 13.5% utilization of CuF, vas
achieved and based on the actual weight of electrodes and
electrolyte, the energy to weight relationship was 10 wh/1b.

The major factor for the low energy to weight ratio was the
poor utilization of the active cathode material. A smaller
factor at this stage but of importance is the drop from open
circuit voltage to discharge level indicating resistance in
the electrolyte and in the cathode structure. The cathode
structure and the electrolyte deserve further study.

Cell and Battery Design

Cell design calculations based .on 17 ma/sq inch maximum current
density were reported in the first quarterly report of this con-
tract. The polarization measurements of lithium anodes are
based on a steady discharge rate and are at a slightly higher
rate; maximum discharge in this case during the high rate pulse
would be 18.3 ma/sq in. A nine-cell battery to operate between
22 and 30 volts would allow a voltage range of 2.5 to 3.3 volts
per cell. This allows 800 millivolts for polarization and IR
losses in the cell during its discharge life. Data indicates
that not over 200 millivolts loss will be incurred by polari-
zation of the lithium anode, allowing 600 millivolts for

cathode polarization and IR losses. Previously obtained data
indicated that the minimum resistance with a separator saturated
with electrolyte for nonagueous cells is about 5.0 8q. in. At
the pulse discharge rate of 18.3 ma/sq in., this would be a loss
of 92 millivolts. There are therefore about 500 millivolts that
may be lost by polarization and ohmic losses at the cathode
within the allowable cell voltage range.

Current densities at which the cathodes are tested has been
dropped from 10 ma/in2 which was a design goal to 1 ma/in2

in an effort to get test data for a 100 hour discharge.
Decreasing the current density decreases the active material
needed per unit area -for a 100 hour discharge and consequently,
the relative thickness. This decreases ohmic losses in the

iy TS
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electrode and may allov a higher active material ratio in
cathodes vhere the active material is a non-conductor and
must have an electronic conductor added. Lover current
density also decreases ohmic losses in the electrolyte. The
penalty for the lower current density is increased weight;
additional inactive grid material is used, a greater veight
of electrolyte and probably a larger cell case, Calculations
based on 1 ma/in? current density show that 75-100 wh/1lb of
active material, grid and electrolyte may be achieved. Added
active materials above theoretical capacity to the extent of
10 percent for the anode and 100 percent for the cathode are
included in the calculation, but case and terminals are not.
Current densities of 10 ma/in? must be achieved with usable
voltage to obtain 300 wh/1b.

TRAVEL AND CONFERENCES

No conferences were held during the period covered by this quarterly
report.

WORK PROGRAM FOR THIRD QUARTER -

The general areas that will receive effort during the third quarter
sre fabrication of cathodes to sustain higher current densities and
better utilization and further study to obtain more stable electro-
lyte compositions.

Improved cathode fabrication will be attempted by further study of
regin binder in the cathode formulation and by incorporation of
CuF, in a porous metal matrix.

Electrolyte decomposition arnd compatibility studies will be made
at room temperatures and at a temperature intermediate to 165CF.

Second generation cells will be designed and constructed utilizing
the results obtained from the experimental programs.
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APPREDIX I

ooe
93l-AR Filter Paper
Dsoron BX3L3
Dacron BULS
Dacron RS
Nylar
Mylon Cloth A3228/2
Nylom 535-1-2
Nylon NY-SUL-SOFT1383cv
Orlon EM333
Quinterrs Type 1
Polyethylene 1LPN
Polyethylens P2200
Polyethylene HI-250
Polypropylene
Teflon T-2310
Dynel BM307
Dynel M-2L(0

TRADE DISIONATIONS OF SEPARATOR MATERIALS TESTED

soumce
Hurltut Paper

Kendall Mills

Kendall Mills

Kendall Mills

E. I. duPont

3tern & Stem Fabrics
Huguet Fabrics

Star Woolen Co,
Kendall Mills
Johns-Manville Co.
ESB-Reeves Corp.
National Filter Nedia
Bel-Art Products
American Felt Co.
National Filter Media
Kendall Mills Co.
Kendall Nills Co.
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Other Dept. of Defense Activities

1

[

Army

Dr. Adolf Fischback (Chairwman)

Special Purpose Battery Branch

Power Sources Division

U.S. Army Signal R&D Laboratory

OASD (R&E), Rm 3E-1065
The Pentagon .

Attn: Technical Library
Washington 25, D.C.

Commanding Officer
Diamond Ordnance Fuze Laboratory
Attn: Library Rm 211, Bldg. 92
Washington 2%, D.C.

/ U.S. Army Signal R&D Laboratory
Attn: Mr. P. Rappaport
Fort Monmouth, New Jersey

Mr. E. F. Cogswell
Electrical Power Branch
Engineering R4&D Laboratory
Fort Belvoir, Virginia

Navy

Mr. P. Cole
Naval Ordnance Laboratory (Code WB)
Silver Spring, Maryland

Mr. W, H, Fox

Office of Naval Research (Code 425)
Department of the Navy .
Washington 25, D, C.

10

Air Yorce

AFCRL (CRZK, Mr. Doherty)
L. G. Hanscom Fld.
Bedford, Massachusetts

8SD (SSTRE Maj. W, J. Iller)
AF Unit Post Office
Los Angeles 45, California

DDC
Arlington Hall Sta )
Arlington 12, Virginia

National Aeronautics and Space Adnm.

1

Non-Government Organizations & _{ndi&duals

1

NASA

Attn: Mr. Walter Scott
1512 B Street, NW
Washington 25, D.C.

NASA

levis Research Center
Attn: Dr. Louis Rosenblum
21000 Brookpark Road
Cleveland 35, Ohio

RASA

Marshall Space Flight Center
Attn: M-G & C-EC,Mr. E. d. Cagle
Building Lu87-Guidance & Control
Huntsville, /labama

NASA
Goddard Space Flight Center
Attn: Tom Hennigan

Greenbelt, Maryland

Rudio Corporation of America
Semiconductor & Materials Division
Attn: Dr. Lozier

Somerville, Nev Jersey

Culton Industries, Inc.
Alkaline Battery Diviaion
Attn: Dr. Shair

212 Durham Avemue
Mstuchen, Nev Jersey
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Bea-Govermment Ocrgns. § Jsdiviguale (Coutimed)

1 Dr. T. P. Dirkse _
Departaent of Chemistry
Calvin College °
Orand Rapids, Michigan

1 Delco-Remy Division
General MNotors Corporation
Attn: Dr., J. J. lander
Anderson, Indiana

1l J/ P. R. Mallory and Company
Attn: Mr. R. E, Ralston
3029 East Washington Street
Indianapolis 6, Indiana

1 Dr. Arthur Fleischer
466 South Center Street
Orange, Nev Jersey

1 Inland Testing Laboratories
Div. Cook Electric Company
1452 Stanley Avenue
Dayton, Onio




